Introduction
The hypothalamus-pituitary-gonad (HPG) axis regulates reproductive function in vertebrates. External and internal signals involved in the control of reproduction are primarily integrated in the brain by gonadotropin-releasing hormone (GnRH) neurons. GnRH stimulates the pituitary's synthesis and release of gonadotropins (GTHs), which are critical modulators of gametogenesis and gonadal maturation through the mediation of gonadal steroids and growth factors [1, 2] . The RFamide related peptide LPXRFamide peptide may well provide this link [3] .
A variety of RFamide peptides containing a C terminal -Arg-Phe-NH 2 sequence have been identified throughout the animal kingdom. To date, five groups of the RFamide peptide family have been documented in vertebrates, as follows: (a) PQRFamide peptide group, e.g. neuropeptide FF (NPFF), neuropeptide AF (NPAF) and neuropeptide SF (NPSF) [4] [5] [6] [7] [8] ; (b) LPXRFamide (X = L or Q) peptide group, e.g. gonadotropin-inhibitory hormone (GnIH), mammalian RFamide-related peptides (RFRPs), frog growth hormone-releasing peptide (fGRP) and goldfish LPXRFamide peptide (gfLPXRFa) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; (c) prolactin-releasing peptide (PrRP) group, e.g. PrRP31, PrRP20, crucian carp RFamide (C-RFa), salmon RFa and tilapia PrRP [21] [22] [23] [24] ; (d) metastin group, e.g. metastin and kisspeptin [25, 26] ; and (e) pyroglutamylated RFamide peptide (QRFP) group, e.g. QRFP and 26RFa [27, 28] . Among these groups of the RFamide peptide family, the LPXRFa group regulates the release of various pituitary hormones; however, the precise effects of LPXRFa vary distinctly among animal classes [9, 10, 12, 13, 19, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
The effects of LPXRFa are mediated by their receptors, which belong to the membrane-bound G-protein coupled receptor (GPCR) family. In mammals, two types of RFRP receptor have been identified [16, 27, 40, 41] . One, GPR147 (also known as NPFF1 or RFRPR), is the endogeneous receptor for RFRP; whereas the other, GPR74 (also known as NPFF2 or NPFFR), is another possible RFRP receptor [26, 40] . Subsequently, receptors for avian GnIH have been identified in quail [39] , chicken [42] , and European starling [37] . Recently, clones have been made of three types of cDNA encoding zebrafish LPXRFa-Rs that are structurally related to other vertebrate GPR147 [43] . Tissue expression studies in zebrafish showed that the three LPXRFa-Rs genes were differently expressed in the brain, pituitary and peripheral tissues such as the eye, spleen and gonads. Furthermore, these expression patterns largely matched that of LPXRFa, suggesting that LPXRFa/LPXRFa-R system is physiologically significant in neural and reproductive functions.
The functional significance of the LPXRFa/ LPXRFa-R system in the regulation of reproductive functions has been already established in birds and mammals, particularly in seasonally breeding animals. On the other hand, photoperiod manipulation has been shown to affect GnIH and RFRP expression. In quail, GnIH expression increased under a short day (SD) photoperiod, and melatonin appears to act directly on GnIH neurons through its receptor to induce GnIH expression [35] . The expression of RFRP was also regulated by a changing photoperiod in sheep [44, 45] , and was driven by melatonin in Syrian hamsters [46] .
It is apparent that RFamide peptides play an important role in the neuroendocrine function of different vertebrates and (our interest) in fish reproductive neurobiology. We therefore looked for an RFamide peptide, LPXRFa that controls GTH secretion. This review summarizes the advances made in our understanding of the biosynthesis, mode of action and functional significance of LPXRFa in fish.
Brief history and identification of
LPXRFamide peptide
The first isolation of RFamide peptide occurred in an invertebrate species almost 30 years ago [47] . Six years later, RFamide peptides were discovered in vertebrates (chickens) [48] . The molluscan cardioexcitatory neuropeptide Phe-Met-Arg-Phe-NH2 (FMRFamide) was first found in the ganglia of the venus clam Macrocallista nimbosa [47] , and RFamide peptides were subsequently characterized in various other invertebrates. Immunohistochemical studies using an antiserum against FMRFamide suggested the presence of uncharacterized RFamide peptides in vertebrate nervous systems [49, 50] . Some of the FMRFamide-like immunoreactive neurons were seen to project to the hypothalamic region close to the pituitary gland, and were thus predicted to play a role in the regulation of pituitary function. In 2000, a novel RFamide peptide was identified which regulates anterior pituitary function and inhibits gonadotropin, named GnIH [9] . A cDNA that encoded three novel fish LPXRFamide peptides (gfLPXRFa-1, -2, and -3) was characterised from the goldfish (Carassius auratus) brain, and gfLPXRFa-3 was identified as a mature peptide [20] . Recently, we have cloned LPXRFa gene from the grass puffer [51] .
Structure of LPXRFamide peptide
The deduced amino acid sequence of the grass puffer LPXRFa precursor contains three putative peptides [51; Figure 1 ]. Each peptide sequence is followed by an amidation/proteolytic processing signal (i.e. glycine and a single basic residue). The glycine residue is the standard amino group donor for C terminal amidation. A basic residue, rather than a dibasic sequence, might function in proteolytic processing -as is also true for many neuropeptide precursors [52] . Structural diversity is apparent among vertebrate LPXRFa peptides, including GnIH and RFRP [42, 43] . A comparison of LPXRFa peptide-1 and -2 sequences among teleost species shows that grass, tiger and green puffers and medaka share relatively high sequence identity with each other, but low identity with zebrafish and goldfish ( Figure 1 ). In particular, these peptides of the three puffer species and medaka have MPXRF (X= M, L or Q) at their C termini, instead of the conserved LPXRF (X= L or Q). Furthermore, two corresponding peptides with MPXRF at their C termini are reconstructed in the stickleback LPXRFa precursor. These results suggest that LPXRFa peptide-1 and -2 of grass puffer are identified in its precursor and have a role in the control of reproduction, although their presence and functions remain to be determined. The third putative peptide in the grass puffer LPXRFa precursor has HQVRY at its C terminal. The LPXRFa precursors of zebrafish and goldfish have LPXRFa peptide-3 at the corresponding region. Sequence comparison among vertebrate LPXRFa precursors showed a higher structural diversity in this region relative to the LPXRFa peptide-1 and -2 encoding regions ( Figure 1 ): green puffers lost the RYamide peptide and possible RSamide or RLamide peptides are encoded in avian GnIH precursors [9, 42] . In addition, possible RSamide and RLamide peptides are encoded in the LPXRFa peptide-2 encoding region in mammals [41] . Considering that KiSS1 peptide of various vertebrates is RYamide peptide [53] , these RYamide, RSamide and RLamide peptides may be produced and have regulatory roles in vertebrate physiology that warrant further investigation.
Tissue distribution of LPXRFa and localization in brain
LPXRFa genes were expressed extensively in the diencephalon and pituitary, with moderate levels in the optic tectum, telencephalon and retina in grass puffer [51] . In other vertebrates, the LPXRFa gene was found to be expressed in the diencephalon in goldfish [20] , Japanese quail [10] , and chicken [42] . We searched the fugu genome database and only found a single form of LPXRFa-R in The conserved amino acid residues are marked in grey. Gene database accession numbers for the sequence are: tiger puffer LPXRFa, AB193131; green puffer LPXRFa, AB193128; medaka LPXRFa, predicted from Ensemble (on Chromosome 11 at location 10,304,396-10,305,789); zebrafish LPXRFa, GU290218; goldfish LPXRFa, AB078976; chicken LPXRFa, AB120325; quail LPXRFa, AB039815 and human LPXRFa, AB040290 (modified from [51] ). 
Grass puffer PNLNP N -MPQRFGR -SWKVIRLC E-DCSKVQGVLKHQVRYGR-NGQSLIR--TLVNAQLL 167 Tiger puffer PNLNPK-MPQRFGR -SWKVIRLC E-DCSKVQGVLKHQVRYGR-NGQSLIR--TLVNAQLL 167
Grass puffer KT-------------------------G------------L--HW 173 Tiger puffer KT-------------------------G------------L--HW 173 Green puffer KS-------------------------A------------L--HW 172 Medaka NP-------------------------E------------L--RW
178 Zebrafish TPESPSFPKERTQVHDYMFETVEDSEETVKNTDYTA----LD--- 198 Goldfish TPESP-FPKERTQVHDYMLETVEDSVEETVKNKDYTV---LD--- 197 Chicken QRFGKSVPINLSQGVQESEPGM----------------------- 173 Quail QRFGKSVPISLSQGVQESEPGM----------------------- 173 Human MHSPCANDLFYSMTCQHQEIQNPDQKQSRRLLFKKIDDAELKQEK 196 Fig. 1 M M L L
Signal peptide
LPXRFa peptide-1/GnIH-RP-1/RFRP-1
GnIH-RP-2
fugu (tiger puffer). We cloned this form of LPXRFa-R from a grass puffer using tiger puffer genome resources, and analyzed the tissue distribution. A similar distribution pattern was noted for the grass puffer LPXRFa-R gene [51] . In chicken, LPXRFa-R gene was expressed in the diencephalon, telencephalon, optic tectum, olfactory bulb and pituitary [42] , in a good accordance with our results. Three zebrafish LPXRFa-R cDNAs (GnIHR1, GnIHR2 and GnIHR3) have been cloned and showed distinct expression patterns [43] . GnIHR1 and GnIHR2 genes are predominantly expressed in the brain, whereas GnIHR3 gene is expressed in the pituitary. These results indicate that LPXRFa may have neuroendocrine functions through its receptors in the diencephalon and pituitary. Furthermore, the concomitant expression of the ligand and receptors revealed in zebrafish and grass puffers emphasizes the physiological significance of the LPXRFa/LPXRFa-R system in teleost.
The distribution of gfLPXRFamide peptides in the goldfish brain was examined by immunohistochemistry. Immunoreactive cell bodies were restricted to the nucleus posterioris periventricularis (NPPv) and the nervous terminalis (NT). Immunoreactive fibres were distributed in several brain regions, including the nucleus lateralis tuberis pars posterioris (NLTp) and pituitary [20] . In sockeye salmon, immunoreactive fibres are distributed in various brain regions from the olfactory bulb to the spinal cord, but not the cerebellum. Interestingly, some immunoreactive fibres further projected to the pituitary gland. In addition, competitive ELISA combined with reversed-phase HPLC detected gfLPXRFa-immunoreactivity in the pituitary [54] .
Actions of LPXRFa on GTH release and synthesis
We have analyzed the seasonal changes of LPXRFa and its receptor (LPXRFa-R) mRNAs in the brain and pituitary of grass puffer using quantitative real-time PCR. The LPXRFa gene expression levels in the brain and pituitary increased significantly during the spawning period in the males and from the pre-spawning to spawning periods in the females, followed by a drastic decrease in the post-spawning period [51] . The significant and temporal increase in the levels of the LPXRFa-R gene in the brain and pituitary of both sexes further indicates the physiological importance of the LPXRFa/LPXRFa-R system in the control of spawning in the grass puffer [51] . The relatively higher levels of LPXRFa-R gene expression in the pituitary suggest that LPXRFa primarily acts on the pituitary as a hypophysiotropic neuropeptide in grass puffers. The expression levels of GnIH-R were significantly higher in the pituitaries of immature chickens compared to mature chickens, and ovarian steroids decreased the GnIH-R mRNA levels [55] . The down-regulation of the GnIH-R gene by gonadal steroids probably reduces the inhibitory effect of GnIH on LH and FSH secretion and thus induces sexual maturation. In fish, however, contradictory effects of LPXRFa on LH release have been reported. Three goldfish LPXRFa peptides (gfLPXRFa-1, -2 and -3) increased the release of LH, FSH and GH from the cultured pituitary cells of sockeye salmon [54] . On the other hand, i.p. injection of goldfish with zebrafish LPXRFa peptide-3 decreased the plasma LH levels [43] . To investigate the action of LPXRFa in the grass puffer pituitary, the primary pituitary cultures were treated with gfLPXRFa-1 because of its high sequence similarity to the grass puffer LPXRFa peptide-1 [51] . gfLPXRFa-1 significantly stimulated FSHb and LHb gene expression in the grass puffer pituitaries. Therefore, the grass puffer LPXRFa peptide-1 may have a stimulatory effect on LH and FSH secretion like sockeye salmon.
Considering the significant increases in the levels of both LPXRFa and LPXRFa-R mRNAs in the grass puffer spawning period, LPXRFa probably plays an important role in the stimulation of final sexual maturation. In sockeye salmon, gfLPXRFa-immunoreactive cell bodies were detected in the nucleus posterior periventricularis of the hypothalamus and immunoreactive fibres were distributed in various brain regions and the pituitary, and this suggests that LPXRFa neurons have direct projection to the pituitary to control LH and FSH secretion [54] . Intracerebroventricular (i.c.v.) administration of human RFRP-1 increased plasma PRL levels in rats [41] . Bullfrog LPXRFa, designated as frog growth hormonereleasing peptide (fGRP), stimulated growth hormone (GH) release in bullfrog in vivo and in vitro [17] and fGRPrelated peptide-2 (fGRP-RP-2) stimulated the release of GH and PRL [19] . Overall the actions of LPXRFa on GTH are shown in Table 1 .
Regulatory mechanism of LPXRFa biosynthesis
We have analyzed the diurnal and circadian expressions of LPXRFa and LPXRFa-R genes in the diencephalon of grass puffer [51] . They were synchronously expressed with one peak at zeitgeber time (ZT) 3 and circadian time (CT) 15 under the natural photoperiod (LD 13:11) and constant darkness (DD) conditions, respectively. The synchronous and diurnal variations of LPXRFa and its receptor genes indicate that the action of LPXRFa on the diencephalon is highly dependent on time, and thereby LPXRFa might be involved in the control of the cyclic reproductive activity of grass puffer. One of possible target sites of LPXRFa action in the diencephalon may be GnRH neurons as reported in other vertebrates [34, 37, 45] . RFRP-3 Rat Inhibition of GnRH-elicited GTH release [62] RFRP-3 Ovin Inhibition of GnRH-elicited GTH release [58] Bullfrog fGRP Bullfrog Stimulation of GH release [17] fGRP-RP-2 Bullfrog Stimulation of GH/PRL release [19] Goldfish LPXRFa-1 Sockeye salmon Stimulation of GTH and GH release [54] Goldfish LPXRFa-2 Sockeye salmon Stimulation of GTH and GH release [54] Goldfish LPXRFa-3 Sockeye salmon Stimulation of GTH and GH release [54] Zebrafish LPXRFa-3 Goldfish Inhibition of LH release [43] Goldfish LPXRFa-1 Grass puffer Stimulation of GTH release [51] Photoperiodic regulation of LPXRFa gene has been reported in some vertebrates. In quail, the expression of GnIH increased under SD photoperiod, and melatonin appears to act directly on GnIH neurons through its receptor to induce GnIH expression [35] . In sheep, the expression of RFRP was regulated by changing photoperiod [44, 45] , and melatonin regulated RFRP gene expression in Syrian hamster [46] . These results suggest the inhibitory effects of light on the expression of LPXRFa and LPXRFa-R genes. The plasma levels of melatonin are higher in the nighttime than the daytime in grass puffer (data not published). The inhibitory effects of light may be mediated by melatonin which may stimulate the expression of LPXRFa and LPXRFa-R genes. Similar results were observed in the case of melatonin receptor genes in the diencephalon of grass puffer [56] . Four subtypes of melatonin receptor genes exhibited synchronised diurnal and circadian expressions with one peak at ZT15 and CT18, respectively, and the levels of expression were higher under the DD conditions. This suggests that action of melatonin on the diencephalon is considered to be solely dependent on time and light. These results suggest that the expressions of LPXRFa and its receptor genes may be regulated by melatonin.
Conclusions
The hypothalamic RF-amide peptide family, LPXRFamide peptides, have been identified in a variety of vertebrates. In the brains of several vertebrates, RFamide peptides have been shown to play important physiological roles in neuroendocrine, behavioural, sensory and autonomic functions [57] [58] [59] [60] . Our results lead us to conclude that the presence of LPXRFamide peptides is a conserved property in vertebrate hypothalami. The precursors of LPXRFamide peptides encoded plural LPXRFamide peptides and were highly divergent in vertebrates, particularly in lower vertebrates. Tissue distribution analyses indicated that LPXRFamide peptides were highly concentrated in the hypothalamus and other brainstem regions. In view of the mRNA expression and localization of LPXRFamide peptides in the hypothalamo-hypophysial system, LPXRFamide peptide in fish increase GTH release in vitro and in vivo. The widespread distribution of LPXRFamide peptides in the brain indicates that the peptides may participate not only in neuroendocrine functions but also in behavioral, sensory, and autonomic functions. Future studies will doubtless bring to light previously unknown physiological functions of LPXRFamide peptides. Our recent study suggests that melatonin controls the expression of LPXRFa in the fish diencephalon [51] . We also need to clarify the
